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Abstract
Integration of Small-cells Powered from Renewable Energy in LTE Networks
Hakam Marwan Zaidan
Supervising Professor: Dr. Andres Kwasinski
The carbon footprint of cellular base stations is continuously increasing, due to their large
power consumption that accounts for more than 50 % of all of the cellular network infras-
tructure, and because of the large growth rate experienced by the cellular infrastructure. To
address this problem, the work in this thesis investigates the feasibility of powering cellu-
lar base stations from harvested renewable energy. In addition, this work studies network
architectures where the power consumed in the LTE macro base stations (called eNB) is
reduced by integrating small-cells (e.g. micro, pico, and femto cells) into the LTE net-
work, forming what is known as heterogeneous networks. Four different cellular network
architectures are implemented: eNB-Micro, Micro only, eNB-Pico, and eNB-Femto. This
work studies the performance of the architectures in terms of time operating from renew-
able energy, and the received signal quality improvement. Simulation results show that the
implemented architectures operates from harvested renewable energy up to 93.9 % of the
time for the case of the eNB-Femto architecture, and the probability of receiving SINR
larger than 10 dB is increased from 0.25 (in the standard homogeneous LTE network) to up
to 0.65 in the implemented architectures.
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1Chapter 1
Introduction
1.1 Motivation
Information and Communication Technology (ICT) infrastructure forms 2% of the global
carbon footprint, which is a value resembling that of the airline industry, [6]. This percent-
age may increase to 10% in developed countries, and it is predicted to grow at a rate of 4%
yearly until 2020, [7]. Since, the deployment of BSs has a large growth rate and, more than
50% of power in cellular network is consumed by the Base Stations (BSs) [8]. The CO2
emission of the BSs forms a large portion of ICT carbon footprint. Consequently, carbon
footprint related to the operation of cellular networks is the focus of current research, [9],
[10]. Furthermore, the technology vision 2020 for future cellular networks indicates a ca-
pacity increase of a thousand times from the current mobile networks [11]. Also, the Cisco
Visual Network Index (VNI) Global Mobile Data Traffic Forecast shows an enormous data
traffic growth rate until 2020 [2]. According to this study, the data traffic per month in
2020 will be about five-times the data traffic in 2016. Figure 1.1 shows the data traffic
per month in the time period between 2015 and 2020. The traffic is projected to increase
from 6.2 exabytes in 2016 to 30.6 exabytes in 2020. Mobile network operators (MNOs)
are deploying more Macro BSs to satisfy this high demand of data traffic, which increases
the overall energy consumption and carbon footprint of the cellular network.
A study in 2007, carried out by Unstrung Insider, shows that the data traffic growth is
much faster than the revenue growth [12]. This is mainly because of the increasing en-
ergy expenditures required to operate a larger number of Macro BSs to handle such high
traffic. This case shows the need to create more innovative solutions that reduce power
consumption in cellular network, which in turn, reduce the carbon footprint as well. If
2such solutions exist, the operational expenditures of the cellular infrastructure will be sig-
nificantly decreased, which in turn increases the revenue of MNOs, and the system will
be more eco-friendly. One effective example is the use of green energy (e.g. wind, so-
lar, etc...). Energy harvesting techniques, e.g. solar, are cost effective if compared with
traditional grid electricity [13].
Figure 1.1: Data traffic per month in the time period 2015 to 2020, Cisco forcasts 30.6 Exabytes per
month of mobile data traffic by 2020 [2].
According to [14], the fifth generation (5G) is predicted to become commercially avail-
able at 2020. In addition, the data traffic per month in 2020 will be about five-times the
data traffic in 2016 [2]. Furthermore, the data rate demands is predicted to be ten-times
more by 2020 [15]. These growth values in traffic load and data rate set the requirements
for both, capacity and power consumption reduction of 5G. In the industry, 5G is predicted
to be heterogeneous in cell-type, including large BSs (e.g. macro) and small-cells (e.g.
micro, pico, and femto) [14]. The small-cells will play a main role to serve the capacity
3and the data rate demands [15]. The 5th generation design will be capable of serving peak
data rates of 10 Gbps, very low power consumption of access points, simple and low cost
design, and ultra dense deployment of access points [14].
Many research works have studied how to reduce power consumption in LTE network.
One example was demonstrated by Kwasinski et al. [4], [16], [5], where harvesting both
wind and solar energy forms an effective technique to power the BSs, as the deficit in
one source of energy can be compensated by the other, especially during nighttime when
there is no solar energy. Another example is proposed by Zhisheng Niu et al. [17], where
cell zooming technique is used. In cell zooming, the cell coverage area can be adaptively
adjusted to reduce power consumption based on traffic load, user requirements, and channel
condition. Another approach beside changing the coverage area, consists on turning off a
BS or set it to a sleep mode when the traffic is low. Some researchers used small cells along
with the Macro BSs [18], [19].
1.2 Objectives
The main objective of this work is to make the LTE network to operate from renewable
energy as much as possible. While at the same time enhance the signal received by users
and increase the cell edge user throughput. Furthermore, reduce the power consumption of
the LTE BS (called eNB) without degrading the signal quality.
These objectives are achieved by implementing four different architectures, one is ho-
mogeneous network (HoNet) while the others are heterogeneous networks (HetNets), where
small-cells are used along with eNBs to provide coverage and enhance the signal received
by users.
The first architecture called Micro architecture (figure 3.5), where 7 micro cells are
used to provide coverage instead of an LTE eNB. The second one is called eNB-Micro
Hetnet (figure 3.4), where 7 micro cells used to provide coverage along with an LTE eNB
set to a sleep mode (only pilot and control signals are transmitted from that eNB). The third
architecture is called eNB-Pico HetNet (figure 3.6), where 5 pico cells are deployed at the
edges of each eNB sector. The last architecture is called eNB-Femto Hetnet (figure 3.7),
4where 8 femto cells are deployed in each sector of the eNB. In each of these architectures,
the eNB sectors are set to work with only one antenna. By doing so, the power consumption
of the eNB will cut to half, but at the same time degrades the throughput. Throughput
degradation problem are solved by the addition of the small-cells.
Many research works found in literature that considers the use of renewable energy
along with small-cells [20] [21] [22], in most of the works small-cells are deployed ran-
domly and the renewable energy is used to supply the small-cells partially, and depends on
the main grid electricity for a long periods of time. The small-cells in the proposed archi-
tectures are deployed regularly and in a specific pattern as shown in figures 3.4, 3.5, 3.6,
and 3.7, also the renewable energy is used to supply the entire system (including eNBs).
1.3 Summary
The rest of this document is outlined as follows: Chapter 2 gives an introduction to LTE
networks, and base station types. It also presents the related work in the literature. Chapter
3 discusses the system setup, and describes the proposed architectures. It also provide a
detailed derivation of the power model and the power analysis of each base station. The
simulation results obtained are presented in Chapter 4. Chapter 5 discusses the conclusion
and future work.
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Background and Related Work
2.1 Introduction to LTE Networks
LTE radio frame (Tf = 10 ms) is divided into 20 sub-frames as shown in figure 2.1 [3],
each of which is further divided into two time slots (Tslot = 5 ms). One slot is made from
7 orthogonal frequency division multiplexing (OFDM) symbols. OFDM transmission is
over multiple sub-carriers, which results in a structure where one slot can be visualized as
a time-frequency grid. Each element in this grid is called a resource element. A grid of 12
sub-carriers by 7 OFDM symbols is called a resource block (RB). The resource block is
the minimum unit of resource allocation to a specific user.
Figure 2.1: LTE radio frame structure, based on [3].
Traditionally, LTE networks comprises of Macro BSs called eNBs. Usually, the eNB
6coverage area is divided in to three sectors, each of which consumes about 320W at full
traffic load, and 130W without any load [1]. Frequently, each sector operates with two
transmit and two received multiple input, multiple output (MIMO) antenna configuration.
One of the transmit antennas can be turned off under certain conditions (when the traffic
load is low or, when a sector equipped with small-cells that can handle the traffic). By
doing so, the consumed power of that sector will reduced in half.
eNB power consumption design depends on the traffic load, e.g. it depends on the total
scheduled number of resource blocks (RBs). A scheduler placed at the BS is responsible
for the distribution of the total number of available RBs between different users requiring
service. LTE system of 10 MHz bandwidth has 50 RBs. Consequently, if all of the RBs are
scheduled, the eNB sector will be at full traffic load (consumes 320W). If there are no RBs
scheduled, the eNB sector will be at no load (consumes 130W), and so on (section 3.3.1
describes eNB power consumption model in detail).
Traffic load in a cellular network is variable during the day, as an example, in a residen-
tial area the traffic load will be very low during business hours. While in the same region,
the traffic load will be at its’ peak during the late night hours. The opposite pattern will be
at the business area. Leaving cellular networks to operate as it is during the periods of low
traffic load is a waste of energy, and increase of unnecessary operational cost (e.g fossil fu-
els). This is not the perfect utilization of the available resources. Consider a heterogeneous
cellular network (HetNet), a well network planning could achieve a significant savings in
power consumption and reduction in carbon footprint as well. Such planning solutions are,
turning off the large cell (e.g. eNB) and let the (low) traffic to be handled by the small-cells
only; or turning off one or more sectors of an eNB; another solution is possible via turning
off one antenna of a sector of choice during certain periods of the day. Many other solutions
are possible and can be well exploited to reduce the power consumption of LTE system.
2.1.1 SINR and CQI
LTE uses adaptive modulation and coding (AMC), which means that it can switch between
different modulation schemes and channel coding setting depending on the link signal to
7interference plus noise ratio (SINR). SINR can be found as,
β =
PRx
∑i∈I PIi +N0
, (2.1)
where PRx is the received signal, PIi is the received signal from the interfeiring eNB i in
the set I, and N0 is the background noise, [4]. Link quality (e.g. SINR) is known by the BS
via transmitting in every frame, signals of properties ( amplitude, etc) that are well known.
This reference signals are called pilot signals and are a necessary overhead.
Different choices for modulation type and channel coding provide a tradeoff between
throughput and link SINR. Maximum throughput per RB will be achieved by mapping of
channel SINR, and channel quality indication (CQI) number (brtween 1 and 15). Each CQI
is mapped to a combination of one of the modulation modes and channel coding rate. For
modulation, LTE supports QPSK, 16-QAM, and 64-QAM. Figure 2.2 shows the throughout
achieved for each CQI per RB, it is clear that there is a possibility of modulation modes
that operate with low SINR but with low throughput, and modulation modes that operate
with higher throughput and higher SINR.
Figure 2.2: Throughout achieved for each CQI per RB [4].
2.2 Base Stations (BSs)
There are tow types of base stations, the first one is the large BS called macro BS. Large
BS provides coverage for a large area, and consumes a large amount of power. An LTE
8macro BS is called eNB, consumes 960W (at full traffic load) [1].Beyond macro BS, there
is another type of BSs called small-cells, which include Micro, Pico, and Femto cells.
Small-cells cover much smaller areas than Macro BS as well as consume significantly
smaller transmit power, e.g. Micro-cell requires 94W, Pico-cell requires 9W, and Femto-
cell requires 6.2W [1]. Figure 2.3 shows a simplified block diagram that can be generalized
to all BS types.
A BS consists of an antenna interface (AI), a main supply, a cooling unit, a DC-DC
power supply, a base band interface including transmitter and receiver section, a radio fre-
quency transceiver section, and a power amplifier. Note that the cooling unit is applicable
only for macro BS, while the small-cells depends on the natural air circulation. Power con-
sumption in macro BS accounts mostly for the PA (e.g. approximately 60 % of the total
power consumption), while the BB forms only 13 %, and the remaining 27 % accounts
for the cooling, RF, DC-Dc, and the main supply [1]. On the other hand, the major part
of power consumption of the micro cell are divided between the PA, and the BB (e.g. 38
% of the total power consumption for each), and the remaining 24 % accounts for the RF,
Dc-DC, and the main supply [1]. For pico and femto cells, the BB dominates the overall
power consumption (e.g. 41%, and 47 % for the pico and femto cells respectively) [1].
Figure 2.3: Simplified block diagram to all BSs types [1].
92.3 Related Work
Many techniques have been presented in the literature that considers power consumption
reduction in LTE networks. One of them is a mechanism that uses renewable energy to
power BSs, while doing traffic shaping [4]. The traffic shaping accepts a controlled degra-
dation in the Quality of Experience (QoE) due to a transient reduction in video quality and
increase in data delay within margins that remain acceptable to end users. The considered
renewable energy sources are wind and solar, so as when there is a shortage in one source
of energy it can be compensated by the other. The renewable energy sources are supply
to a battery bank. With the technique in [4], an LTE eNB can be powered from renewable
energy 85% of the time. The trade-off in this technique is that the video quality is degraded
to its minimum acceptable value about 10% of the time, and the data delay increased to its
maximum acceptable value about 12% of the time.
In [5], Kwasinski et. al. extended the work of [4] by adding a feature that reduces the
probability of the battery state of charge (SoC) to fall below a deep discharge threshold,
which makes the battery life longer. The threshold value is set between 20%-30% of the
battery capacity. The traffic shaping in this paper can be done in two ways. The first one
is through turning off some of the 6 antennas of the eNB (2 antennas per sector), while
keeping at least one antenna per sector to be on all the time. The second way is through
reduction in the assigned number of RBs to each user equipment (UE). Shaping traffic
by reducing the number of antennas is better from power consumption point of view than
shaping through reducing the number of RBs. The reason is that reducing the number of
antennas saves more power than reducing the number of RBs. Therefore, shaping traffic
through RBs is limited only to those sectors that are served by two antennas. With the
technique in [5], an LTE eNB can be powered from renewable energy 98.5% of the time.
The trade off in this technique is that the QoE is reduced 30% of the time.
Another technique presented in [17] is called cell zooming. In cell zooming the cell
coverage area can be adaptively adjusted to reduce power consumption based on traffic
load, user requirements, and channel condition. If traffic is low in a cell, and the neighbor-
ing cells are designed to handle a large capacity, then the cell with low traffic can be set to
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sleep (e.g. turned off), and the neighboring cells zoom out their coverage area to take care
of the coverage from the cell that was set to sleep. By setting a BS to sleep mode, a sig-
nificant reduction in power consumption can be achieved. The trade-off in this mechanism
is that there is a possibility of coverage holes in cellular service when setting a BS to sleep
mode, thus increases outage probability.
Tesfay et. al. in [18] considers Heterogeneous LTE Networks (HetNet) which are
comprised of a combination of macro and micro BSs. A Micro BS consumes less power
than a Macro BS because it has a smaller coverage area. A different number of micro BSs
are deployed within a macro BS sector. The macro BS provides coverage regardless of the
presence of the micro BSs. This is done by using a frequency allocation scheme in which
a fraction of the frequency band is shared between both macro and micro BSs and the rest
is distributed between them. A user is associated either to a macro or a micro BS based
on a threshold value for the Signal to Interference plus Noise Ratio (SINR). This value is
compared to the ratio between the best average SINR value of the micro BS and the best
average SINR value of the macro BS. If this ratio is greater than the threshold value then
the user is associated to the micro BS. The threshold value is chosen to maximize the traffic
capacity without affecting the power consumption. This deployment of micro and macro
BSs along with the user association policy achieved 20% saving in power (relatively small
if compared to the above techniques) and 10% increase in capacity.
The work in [19] also uses a HetNet with macro BSs which serves three sectors, and
four Pico BSs in each sector. All the BSs shares the same frequency band with a 10MHz
width. The user association is based on the best Reference Signal Received Power (RSRP).
Simulated annealing is applied to find the best combination of on and off BSs. The trade-off
here again is the outage probability.
Khirallah et. al. in [23] proposed to reduce the number and size (by means of coverage
area) of macro, micro or relay BSs and explore the power consumption impact following
that reduction. This exploration is carried out in homogeneous networks (HoNets), and
heterogeneous networks (HetNets) according to the traffic load status. The reduction in
size and number of macro BSs is done by replacing a specific macro eNB with micro or
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relay nodes (RNs). An RN is a low power BS that is used to extend the coverage and
capacity of LTE eNBs and connects to its parent eNB by a wireless backhaul link, by also
using a part of the eNB bandwidth. The replacement of macro BSs with RNs follows
equation 2.2,
R = MRN
(ISDBaseupslopeISDHetNet)2
1− (ISDBaseupslopeISDHetNet)2 , (2.2)
where R is the exchange ratio, MRN is the number of RNs, and ISD is the inter-site-distance.
Adding RNs to an eNB site increases the coverage area of that site. From 2.2, the increase
in ISD can be calculated through equation 2.3.
OISD =
(√
MRN +R
R
−1
)
×100 [%] (2.3)
Different exchange ratios are chosen to test the HrtNet. The most energy efficient is the
scenario that has exchange ratio of 12.9 (with 36 RNs with transmit power of 2W each),
95% of coverage extension is achieved. Replacing macro with micro BS follows equation
2.4, and implies a reduction in coverage area.
Prtx
Pbasetx
=
(
ISDr
ISDbase
)γ
, (2.4)
where Prtx, P
base
tx is the reduced size and baseline transmit power, ISDr, ISDbase is the re-
duced size and baseline ISDs, and γ is the pathloss exponent. The proposed work in [23]
concluded that the best topology for future networks is the HetNets, as it reduces the energy
consumption and enhance the cell capacity.
In [24], multi-tier (more than on type of BSs are used) HetNets were implemented with
some of the BSs is supplied by renewable energy (solar only). A storage unit with capacity
able to power a macro BS for the period of 7 days (which is near impossible to provide
such a storage) is used to store the energy when it is in excess. At the end, the work in
[24] concluded that powering macro BSs from solar energy is not good because it requires
a huge energy storage, and a very large land area.
The work in [25] also considers multi-tier HetNet. Each BS is powered by its own en-
ergy harvesting module. The tiers contain BSs that are different in energy storage capacity,
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energy harvesting rate, deployment density (random), and transmit power. The HetNet is
assumed to operate in two time scales: a long time scale, where the decision of turning on
or off a BS is taken, and a short time scale where the scheduling and cell selection decision
are taken. Keeping all BSs on is not preferable as the interference will increase, so keeping
a fraction of the BSs to be off is required even if there is enough energy. The BSs that are
on is termed as the available BSs, and the BSs that are off is termed as the unavailable BSs.
The probability of available BS of tier k (ρk) is different from one BS to another depending
on the energy harvesting rate and the storage capacity. If a BS state is toggled (e.g. from
on to off), its load will be handled by the available neighbouring BS. Thus, the BSs that
are available extend their coverage area to cover the BS that are not available. The system
works in two toggling policies, the first one is that the BS serves users until all of the energy
is consumed and the BS is turned OFF. The BS toggles to ON state after the harvesting a
one unit of energy. The second policy is the same as the first one, the BS serves users until
there are no energy and toggles to OFF state, and toggles back to ON state when its energy
storage module is fully charged.
In [26], the authors considered a 2-tier HetNet where the first tier consists of macro
BSs, and the second tier consists of pico BSs. The BSs in this HetNet are solely powered
by harvested renewable energy, with different harvesting rate, storage capacity, and trans-
mit power. The work in [26] proposed adaptive user association that determines the BS to
which, users will be associated. The adaptive user association is formulated as an optimiza-
tion problem that aims at maximizing the number of accepted users, and minimizing the
radio resource consumption. Two algorithms were proposed in this regard, the first one is
offline algorithm, the gradient descent based user association algorithm, where the gradient
descent method is used to find the pseudo-optimal user association solution. The second
algorithm is heuristic online user association. When there are incoming users, the heuristic
algorithm is able to make a timely association decision based on the remaining network
resources. The user is assumed to be associated to one BS at a time, or no BS when it is
rejected.
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2.4 The Proposed Work
A viable approach to reduce the power consumption of LTE cellular networks is through
the implementation of renewable energy supplied HetNets. HetNets can be implemented
by integrating small-cells over the LTE cellular network fro several reasons: the availability
of low cost low power small-cells; small-cells occupy a small areas; they have affordable
maintenance cost; and well network planning is achievable by using small-cells.
This work integrates small BSs supplied by actual renewable energy into the baseline
standard homogeneous LTE network that comprised of eNBs. The small BSs (micro, pico,
and Femto) are distributed in the coverage area of the eNB in three different architec-
tures. Each architecture implements a different type of small BSs and forms eNB-micro,
eNB-pico, and eNB-femto green HetNets . In addition, a fourth architecture has been put
into action, which replaces eNB by micro BSs only. Figures 2.4, 2.5, 2.6, and 2.7 shows
the baseline homogeneous LTE network, eNB-micro HetNet, eNB-pico HetNet, and eNB-
femto HetNet respectively.
Figure 2.4: Baseline Homogeneous LTE network, that comprised of eNBs only.
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Figure 2.5: eNB-micro HetNet. The center eNB sectors are turned off and 2 micro BSs are deployed
in each sector.
2.5 Summary
An LTE network consists of macro BSs called eNBs. Each eNB covers 3 sectors (with
2 transmit antennas for each sector), and consumes about 960W [1], depending on the
number of scheduled RBs. One antenna can be turned off from one or more sectors to
reduce power consumption. Small-cells consumes much less power than macro BS. Those
small-cells can handle part of the load and if it is well exploited, it can save much power.
This work presents 3 HetNet, and one HoNet architectures that are powered with renewable
energy. The architectures save power and create green HetNets.
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Figure 2.6: eNB-pico HetNet. each sector of the center eNB operates in one antenna only, and 5
pico BSs are deployed on the edges of each sector.
Figure 2.7: eNB-femto HetNet. each sector of the center eNB operates in one antenna only and, 8
femto BSs placed in each sector, 5 on the edge and 3 on the center.
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Chapter 3
Methodology
3.1 System Setup
This work considers powering the entire LTE system from renewable sources of energy,
the system includes large cells (e.g. eNBs) as well as the small cells (e.g. micro, pico, and
femto cells). The renewable sources to be considered are solar energy that is collected using
photovoltaic (PV) panels and, wind energy that obtained by means of a wind turbine. The
solar power obtained from solar panels is directly proportional to the panel’s area. In this
work the solar energy data was obtained form an array of 6138 MEMC Solaicx CCZ panels
installed at the Rochester Institute of Technology. Each panel occupies an area of 1.96 m2
and generates a maximum energy of 335W. The data from the 6138 panels was scaled
down to 10 panels. These panels occupy an area of 19.6 m2 that is suitable for a residential
suburban area. The wind energy data has obtained from a 250 kW Fuhrlander FL250 wind
turbine that contributes in providing part of the electric power needed in a plastic molding
company near Rochester, NY. The FL250 wind turbine has a large footprint which makes
it impractical to be installed in a residential suburban area. Therefore, the wind data is
scaled down to 10 kW, assuming that it corresponds to a wind turbine that has a smaller
footprint. Such a turbine could be equipped with a vertical axis with a diameter of 6 m. and
pillar height of 5.5 m. These renewable energy generators are assumed to be located at the
eNB site close to the load to form a ”microgrid” as it is presented in [16], which includes
their own local power generators, controllers, loads, power distribution system, and energy
storage devices.
Using renewable sources of energy is accompanied by two main challenges. The first
one is the physical footprint, and the second one is the variability. As stated earlier, the
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amount of energy obtained from PV panels is directly proportional to the area of the panels.
The same case applies to wind energy, large amounts of wind energy are obtained only
from large wind turbines that have a large physical footprint. Harvesting a large amount
of renewable energy requires the setup of renewable energy generators that occupy a large
physical area. The second challenge is the variability, solar energy is not available at night,
and both wind and solar energy availability are subject to the weather conditions. Figure
3.1, is subset of the renewable energy data that was used in this work. The figure highlights
the variability as, for example, during the daylight hours of day 355, wind power is at its
minimum while there was a significant amount of solar power. The opposite situation is
seen during day 357, where there was significant amount of wind power through the night
hours while at the same time there was no solar energy. The variability issue is addressed by
using simultaneously two different sources of energy (wind and solar) and, using a battery
bank to store the renewable energy when there is a surplus, and use it at a later time when
there is a deficit. The cost of the battery bank forms a major problem for the growth of
Figure 3.1: Wind and solar power output measured on days 354 through 357.
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the renewable energy field. This problem is not present in this work, as the used battery
bank is already found in a cell site, which is originally used as a backup source of energy
in case of any failure in the main grid power supply. Backup battery banks have always
been a financial dilemma to mobile network operators as it is very important to have it as
a backup source of energy but, it has a very high cost and only used occasionally. The
setup in this work leverages the battery bank that is placed in the cell site, and use it this
time as a renewable energy buffer. Therefore, the system is assumed to store the energy
drawn from the PV panels and the wind turbine into a battery bank and, the BSs (eNB and
the small-cells) use that stored energy to operate. In this setup, a fully discharged battery
bank means that the BSs can not be powered from renewable sources. This time the BSs
will switch to the use of the main electric grid. Thus, the renewable energy harvesters (e.g.
wind turbine and PV panels) are assumed to be placed at the cell site. It will be assumed
that the energy harvesters feed a battery bank that is designed to provide energy to one eNB
for eight hours. Figure 3.2 shows a general overview of the proposed LTE system.
3.2 Proposed Architectures
Several HetNets architectures have been presented in the literature. The works [21], [20],
describe an HetNet where the small-cells are deployed randomly through the network. Dif-
ferently, this work presents a planned integration (i.e., not a random deployment) of small
BSs (micro, pico, and Femto) supplied with renewable energy into the baseline standard
homogeneous LTE network that comprised of eNBs. The small BSs are deployed in the
coverage area of the eNB in 4 different systematic architectures. The eNBs in each of those
architectures are assumed to be a macro BS, which is typical for an LTE network in an
urban environment. Each eNB serves three sectors operating with two transmit and two
receive multiple input and multiple output (MIMO) antenna configuration. It was assumed
that the eNBs transmit at a power of 46 dBm (40 W), and an inter site distance (ISD) of 500
m. The entire LTE system was assumed to be FDD with a 10 MHz bandwidth. It is worth
mentioning that the users in the proposed architectures will be associated to the nearest BS.
The macro eNB in the proposed architectures is set to work with one transmit antenna to
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Figure 3.2: General overview of the proposed LTE system.
reduce it’s power consumption.
Its worth mentioning that reducing the number of antennas from 2 to 1 makes the
throughput associated with a RB to be reduced in half [5], as shown in figure 3.3. As
an illustrative example about this case, a video user that located in a coverage area of a
BS that works with 2 transmit antennas may requires 5 RBs to reach a specific throughput.
While the same video user located in a coverage area of a BS that works with only one
transmit antenna will need to double that number of RBs (10 RBs) to reach to the same
throughput.
3.2.1 eNB-Micro HetNet Architecture
The first architecture to be considered was the eNB-Micro HetNet architecture. In the
eNB-Micro HetNet architecture, 7 micro BSs with inter-micro site distance of 165 m are
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Figure 3.3: Maximum throughput per RB in a Vehicular A and Pedestrian B channels with one and
two transmit antenna [5].
suggested to provide cellular coverage while the eNB is set in sleep mode (i.e., all the sec-
tors are turned off). Figure 3.4 shows the eNB-Micro architecture (organized in a hexagonal
grid), the eNB is placed at the same location of the center micro BSs. This architecture is
flexible as it has the possibility of putting the BS of choice in sleep mode if the traffic load
is low, and get it back to its’ working mode when required. Also, it has the ability to turn
off all the micro cells and bring back the macro eNB to its working mode as required (i.e.,
make the macro eNB to transmit with one or two transmit antennas).
The deployment of the micro cells in this architecture ensures improvements in regards
of the edge user throughput, capacity, and the received signal. The edge user throughput
was improved by deploying the micro cells on the edges of the hexagonal site. The capacity
is also increased, as mentioned earlier, LTE system of 10 MHz bandwidth has 50 RBs.
Therefore, by deploying seven micro cells, there will be 350 RBs (i.e., 50 RBs for each
micro cell) available to serve more number of users than the users that served by only one
macro eNB that has 150 RBs (i.e, 50 RBs per sector). Finally, it is clear that the received
signal value increases whenever the user gets closer to the BS, and by deploying seven
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Figure 3.4: eNB-Micro hexagonal grid. eNB is turned off completely and 7 micro BSs are deployed
to provide equivalent coverage.
micro cells instead of only one macro eNB, the probability of a user to be located near
a BS is significantly increase, thus the received signal by the user will be significantly
increase as well.
3.2.2 Micro HoNet Architecture
The second architecture to be considered was the Micro HoNet architecture. In the Micro
HoNet architecture, 7 micro BSs with inter-micro site distance of 165 m are suggested to
provide cellular coverage instead of the removed eNB. Figure 3.5 shows the Micro HoNet
architecture, where the micro BSs are organized in a hexagonal grid. This architecture is
flexible as it has the possibility of, if the traffic load is low, putting the BS of choice in sleep
mode, and get it back to its’ working mode when required.
The deployment of the micro cells in this architecture ensures improvements in regards
of the edge user throughput, capacity, and the received signal. The edge user throughput
22
Figure 3.5: Micro hexagonal grid. eNB is removed and 7 micro BSs are deployed to provide
equivalent coverage.
was improved by deploying the micro cells on the edges of the hexagonal site. The capacity
is also increased, as mentioned earlier, LTE system of 10 MHz bandwidth has 50 RBs.
Therefore, by deploying seven micro cells, there will be 350 RBs (i.e., 50 RBs for each
micro cell) available to serve more number of users than the users that served by only one
macro eNB that has 150 RBs (i.e, 50 RBs per sector). Furthermore, it is clear that the
received signal value increases whenever the user gets closer to the BS, and by deploying
seven micro cells instead of only one macro eNB, the probability of a user to be located
near a BS is significantly increase, also there is no macro eNB presented in this architecture
which decreases the interference that arise from it, thus the received signal by the user will
be significantly increase as well.
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3.2.3 eNB-Pico HetNet Architecture
The third architecture to be considered was the eNB-Pico HetNet architecture. In the eNB-
Pico HetNet architecture, 5 pico BSs are deployed on each eNB sector edges to provide
cellular coverage and enhance the cell edge user throughput. Figure 3.6 shows the eNB-
Pico architecture, where the pico cells are deployed on the cell edges. If the traffic load is
Figure 3.6: eNB-Pico HetNet. eNB sectors is working with one transmit antenna. the pico cells are
deployed on the cell edges.
low, eNB-Pico HetNet architecture shows a flexibility by putting the BS of choice in sleep
mode, and get it back to its’ working mode when needed. In addition, it has the ability to
turn off all the pico cells and bring back the macro eNB to its working mode as required
(i.e., make the macro eNB to transmit with one or two transmit antennas).
The deployment of the pico cells in this architecture ensures improvements in regards
of the edge user throughput, capacity, and the received signal. The edge user throughput
was improved by deploying the pico cells on the edges of each macro eNB sector. The
24
capacity is also increased, as mentioned earlier, LTE system of 10 MHz bandwidth has 50
RBs. Therefore, by deploying fifteen pico cells, there will be 900 RBs (i.e., 15 pico cells
and one macro eNB with 3 sectors) available to serve more number of users than the users
that served by only one macro eNB that has 150 RBs (i.e, 50 RBs per sector). Finally, it is
clear that the received signal value increases whenever the user gets closer to the BS, and
by deploying fifteen pico cells in addition to the macro eNB, the probability of a user to
be located near a BS is significantly increase, thus the received signal by the user will be
significantly increase as well.
3.2.4 eNB-Femto HetNet Architecture
The last architecture to be considered was the eNB-Femto HetNet architecture. In the
eNB-Femto HetNet architecture, 5 Femto BSs are deployed on each eNB sector edges, and
3 femto cells are deployed on the center of each eNB sector to provide cellular coverage
and enhance the cell edge user throughput. Figure 3.7 shows the eNB-Femto architecture,
where 8 Femto cells are deployed on each eNB sector. If the traffic load is low, eNB-Femto
HetNet architecture shows a flexibility by putting the BS of choice in sleep mode, and get
it back to its’ working mode when needed. In addition, it has the ability to turn off all the
femto cells and bring back the macro eNB to its working mode as required (i.e., make the
macro eNB to transmit with one or two transmit antennas).
The deployment of the femto cells in this architecture ensures improvements in regards
of the edge user throughput, capacity, and the received signal. The edge user throughput
was improved by deploying five femto cells on the edges of each macro eNB sector. The
capacity is also increased, as mentioned earlier, LTE system of 10 MHz bandwidth has 50
RBs. Therefore, by deploying 24 femto cells, there will be 1350 RBs (i.e., 24 femto cells
and one macro eNB with 3 sectors) available to serve more number of users than the users
that served by only one macro eNB that has 150 RBs (i.e, 50 RBs per sector). In addition,
it is clear that the received signal value increases whenever the user gets closer to the BS,
and by deploying 24 femto cells in addition to the macro eNB, the probability of a user to
be located near a BS is significantly increase, thus the received signal by the user will be
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Figure 3.7: eNB-Femto HetNet. The eNB sectors are working with one transmit antenna. Five
femto cells are deployed on the cell edges, and 3 femto cells are deployed on center on each eNB
sector.
significantly increase as well.
3.3 Power Model
The electric load of BSs (including large and small-cells) in this work are modeled follow-
ing [1]. According to this model, the load can be break up into a constant component, and
a dynamic component. The constant power component depends on the radio resource over-
head such as control and pilot signals, base band interface, processing, cooling (in macro
eNB only as there are no cooling unit in small-cells, etc).
The dynamic power component changes following the cellular traffic intensity through
the BS. This change in dynamic power component is due to the power amplifier (PA). The
best PA operating point is near saturation. However, to prevent the adjacent channel in-
terference (ACI) which is a result of the non-linear distortions, and to avoid performance
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degradation at the receiver, the PA is forced to operate in a more linear region by the non-
linear effects and OFDM modulation with non-constant envelop signals [1]. This high
operating degradation enforces a power efficiency ηPA which in turn, leads to a high power
consumption PPA. Nevertheless, the power efficiency improved and PA is linearized, while
the ACI is kept under control by means of digital techniques like clipping and digital pre-
distortion in combination to Dohetery PAs [1]. As mentioned earlier, the PA power con-
sumption accounts for a large percentage in macro BS and a Little less in micro BS, while
PA power consumption accounts for a smaller percentage in pico and femto cells. There-
fore, the previously specified techniques are used only in macro and micro BSs, while it
is not used in pico and femto cells [1]. Unfortunately, these techniques require an extra
feedback for pre-distortion and a significant additional signal processing [1]. The dynamic
power consumption component increases linearly following the used ratio of active re-
source blocks (RBs) in a frame. This ratio will be called as the ”utilization factor” and
denoted as ζ , where ζ can be calculated using equation 3.1.
ζ =
RB[k]
R(T )B
, (3.1)
where RB[k] is the number of RBs that are actively used in an LTE frame transmission,
and R(T )B is the total number of RBs in an LTE frame (e.g. there are 50 RBs in a system
with 10 MHz bandwidth). This model of power consumption is applied to all base stations
considered in this work as illustrated in the following sections. Figure 3.8 shows the linear
effect of ζ on the power consumption of all BSs. It is clear that Macro BS is significantly
affected with the increase of ζ , micro cell is affected less significantly, while the effect of
ζ on pico and femto cells is very slight. ζ can has a value between 0 and 1, where 0 means
that there are no RBs used (no active user in this site), and 1 means that all the RBs are
used (full load).
The power model of all types of BSs that considered in this work (e.g. eNB, micro,
pico, and femto BSs) is derived from equation 3.2 from [1].
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Pin = NT Rx.
Pout
ηPA.(1−σ f eed) +PRF +PBB
(1−σDC)(1−σMS)(1−σcool) , (3.2)
the power amplifier (PA) power consumption PPA can be found as the following:
PPA =
Pout
ηPA.(1−σ f eed) , (3.3)
the loss factor ΦMDC is
ΦDMC = (1−σDC)(1−σMS)(1−σcool), (3.4)
where σDC,σMS,andσcool is the DC-DC power supply loss, main supply loss, and the cool-
ing loss respectively.
so, 3.2 can be further simplified as the following
Pin =
NT Rx
ΦDMC
.(PPA+PRF +PBB), (3.5)
where PRF is the total transmitter power, and PBB is the base band power.
By incorporating the utilization factor ζ , where ζ ∈ [0,1]
Pin = NT Rx.(
ζPPA
ΦDMC
+
PRF +PBB
ΦDMC
), (3.6)
but PPA = ζPAL+PAF , where PAF is the fixed power (e.g. pilot signals, and other overhead),
and PAL is the load dependent power. In this case 3.6 will be as the following
Pin = NT Rx.(
ζPAL+PAF
ΦDMC
+
PRF +PBB
ΦDMC
), (3.7)
by further simplification, 3.7 can be written as a fixed part, and a load dependent part
Pin = NT Rx.(
ζPAL
ΦDMC
+
PAF +PRF +PBB
ΦDMC
), (3.8)
from [27] PAL, and PAF can be calculated as
PAL = 0.75PPA, (3.9)
PAF = 0.25PPA, (3.10)
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BS type eNB Micro Pico Femto
PPA 102.6 22.1 1.6 1.0
PRF 10.9 5.4 0.7 0.4
PBB 14.8 13.6 1.5 1.2
σDC 6.0 6.4 8.0 8.0
σcool 9.0 0.0 0.0 0.0
σMS 7.0 7.2 10 10
Table 3.1: Parameters of all types of BSs [1]
Thus, the final equation that will be used to model the macro eNB, micro, pico, and
femto BSs is
Pin = NT Rx.(
ζ0.75PPA
ΦDMC
+
0.25PPA+PRF +PBB
ΦDMC
), (3.11)
the part of the dynamic load of a BS is ζ0.75PPAΦDMC , it changes according to the utilization rate
(ζ ), and the constant part is 0.25PPA+PRF+PBBΦDMC , which remains constant regardless whether
there is a load or there is not.
3.3.1 Macro eNB Power Model
In a macro eNB BS, the dynamic power consumption component is larger than the constant
power component. Using the values of PRF , PBB, PPA, σDC, σMS, and σcool from table 3.1,
and substitute them in equation 3.11. The constant power component will be 64.55 W per
transmitter unit. The dynamic power component in an eNB will be about 97 W at full load.
The total consumed power of a macro eNB can be calculated using equation 3.12
Pin(eNB) = NT Rx(96.7442ζ +64.55) (3.12)
where Pin(eNB) is the total consumed power in an eNB, NT Rx is the number of transmit
antennas in a macro eNB, which can be a maximum of 6 antennas (2 antennas in each
sector). While ζ is the utilization factor that can be calculated using 3.1.
3.3.2 Micro Cell Power Model
In a micro cell, the constant power consumption component is larger than the dynamic
power consumption component. Using the values of PRF , PBB, PPA, σDC, σMS, and σcool
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(a)
(b)
(c)
(d)
Figure 3.8: The linear effect of ζ = RB[k]/R
(T )
B on the power consumption of different types of BSs.
The plots shows (a) the effect of ζ on macro BS , (b) the effect of ζ on micro BS, (c) the effect of
ζ on pico BS and (d) the effect of ζ on femto BS.
from table 3.1, and substitute them in equation 3.11. The constant power component will
be about 19 W per transmitter unit. The dynamic power component in a micro cell will be
about 28.235 W at full load. The total consumed power of a micro cell can be calculated
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using equation 3.13
Pin(micro) = NT Rx(19.08225ζ +28.235) (3.13)
where Pin(micro) is the total consumed power in a micro cell, NT Rx is the number of transmit
antennas in a macro eNB, it can be a maximum of 2 antennas ( omnidirectional transmission
with 2 transmit antennas). The number of transmit antennas in this architecture is fixed to
2 per micro cell (no reduction in the number of antennas is applied). ζ is the utilization
factor that can be calculated using 3.1.
3.3.3 Pico Cell Power Model
In a pico cell, the constant power consumption component is larger than the dynamic power
consumption component. Using the values of PRF , PBB, PPA, σDC, σMS, and σcool from table
3.1, and substitute them in equation 3.11. The constant power component will be about 1.45
W per transmitter unit. The dynamic power component in a pico cell will be about 3.14 W
at full load. The total consumed power of a pico cell can be calculated using equation 3.14
Pin(pico) = NT Rx(1.4493ζ +3.14) (3.14)
where Pin(pico) is the total consumed power in a pico cell, NT Rx is the number of transmit
antennas in an eNB, it can be a maximum of 2 antennas ( omnidirectional transmission
with 2 transmit antennas). The number of transmit antennas in this architecture is fixed to 2
per pico cell (no reduction in the number of antennas is applied). ζ is the utilization factor
that can be calculated using 3.1.
3.3.4 Femto Cell Power Model
In a Femto cell, the constant power consumption component is larger than the dynamic
power consumption component. Using the values of PRF , PBB, PPA, σDC, σMS, and σcool
from table 3.1, and substitute them in equation 3.11. The constant power component will
be about 0.906 W per transmitter unit. The dynamic power component in a femto cell will
be about 2.234 W at full load. The total consumed power of a femto cell can be calculated
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using equation 3.15
Pin( f emto) = NT Rx(0.906ζ +2.234) (3.15)
where Pin( f emto) is the total consumed power in a pico cell, NT Rx is the number of transmit
antennas in an eNB, it can be a maximum of 2 antennas ( omnidirectional transmission
with 2 transmit antennas). The number of transmit antennas in this architecture is fixed to
2 per femto cell (no reduction in the number of antennas is applied). ζ is the utilization
factor that can be calculated using 3.1.
3.4 Power Analysis
The power analysis of the proposed architectures that considered in this work is carried
out by measuring the gain metric (Γ). Where Γ is the gain in power that achieved from
implementing the proposed architectures, Γ can be calculated as the following
Γ=
Pin(eNB)−Pin(proposed)
Pin(eNB)
100%, (3.16)
where Pin(eNB) is the power consumed at full traffic load by the basic homogeneous LTE net-
work (i.e., comprises of macro eNBs with 2x2 MIMO antenna configuration), Pin(proposed)
is the power consumed at full traffic load by the proposed architecture, Pin(proposed) can be
calculated as the following
Pin(proposed) =

∑i∈I Pin(micro)+P
sleep
in(eNB), In case of eNB-Micro HetNet
∑i∈I Pin(micro), In case of Micro HoNet
∑i∈I Pin(pico)+P∗in(eNB), In case of eNB-Pico HetNet
∑i∈I Pin( f emto)+P∗in(eNB), In case of eNB-Femto HetNet
(3.17)
where Pin(micro), Pin(pico), or Pin( f emto) is the power consumed at full traffic load by the
small-cell i in the set I, P∗in(eNB) is the power consumed by an eNB that works with one
transmit antenna, and Psleepin(eNB) is the power consumed when an eNB is set to sleep mode.
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In case of eNB-Micro HetNet architecture, the 7 micro cells will consume a maximum
of 0.658 kW (∑i∈I Pin(micro)). The eNB that has been put in sleep mode, P
sleep
in(eNB), consumes
about 0.1936 kW for the control and pilot signals (assuming an eNB that work with one
transmit antenna). Thus, the entire system will consume Pin(proposed) about 0.8516 kW. In
comparison to the homogeneous network (HoNet) that comprises of eNBs only, with an
eNB power consumption, Pin(eNB), of 0.96 kW, a gain (Γ) of 11.3 % is achieved.
In case of Micro HoNet architecture, the 7 micro cells will consume a maximum of
0.658 kW (∑i∈I Pin(micro)). Thus, the entire system will consume Pin(proposed) about 0.658 .
In comparison to the homogeneous network (HoNet) that comprises of eNBs only, with an
eNB power consumption, Pin(eNB), of 0.96 kW, a gain (Γ) of 31.5 % is achieved.
In case of eNB-Pico HetNet architecture, the 15 pico BSs (i.e., five femto cells on each
sector) will consume a maximum of 0.135 kW (∑i∈I Pin(pico)). Each eNB sector is assumed
to work with one transmit antenna, so that the eNB consumes, P∗in(eNB), a maximum of
0.48 kW. Thus, the entire system will consume Pin(proposed) about 0.615 kW. In comparison
to the homogeneous network (HoNet) that comprises of eNBs only, with an eNB power
consumption, Pin(eNB), of 0.96 kW, a gain (Γ) of 36 % is achieved
In case of eNB-femto HetNet architecture, the 24 femto BSs (i.e, eight femto cells on
each sector) will consume a maximum of 0.1488 kW (∑i∈I Pin( f emto)). Each eNB sector is
assumed to work with one transmit antenna, so that the eNB consumes, P∗in(eNB), a maxi-
mum of 0.48 kW. Thus, the entire system will consume Pin(proposed) about 0.6288 kW. In
comparison to the homogeneous network (HoNet) that comprises of eNBs only, with an
eNB power consumption, Pin(eNB), of 0.96 kW, a gain (Γ) of 34.5 % is achieved
3.5 Summary
This chapter introduces the system setup, and presents the proposed LTE network archi-
tectures. The system considers renewable energy harvesters (PV panels and wind turbine)
located at the cell site. The renewable energy harvesters feed a battery bank that is used
as an energy buffer. The BSs (eNB and small-cells) use the battery bank energy to oper-
ate with the assumption that there exist transmission lines from the location of the central
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BS type eNB Micro Pico Femto
Dynamic load 96.7442 19.08225 1.4493 0.906
Constant load 64.55 28.235 3.14 2.234
Table 3.2: Power model for each BS type.
macro eNB to each small BS. BSs power consumption is modeled according to [1], and its
shown that the power consumption of BSs increases linearly according to the traffic load
with different effects among the BSs. Table 3.2 summarizes the dynamic and constant load
for each BS type. This chapter also include four proposed LTE cellular network archi-
tectures, one is homogeneous network (Micro HoNet), while the others are heterogeneous
networks (eNB-Micro, eNB-Pico, and eNB-Femto). The proposed architectures presents
improvements in regards of edge user throughput, capacity, and the received signal by the
user.
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Chapter 4
Results and Performance Analysis
4.1 Simulation and Data Analysis
Simulation of the proposed architectures were done using the Technical University of Vi-
enna LTE System Level Simulator v1.8r1375 [28] (created using MATLAB). This simu-
lator considers adding femto cells only in a random way over existing LTE network. To
simulate the proposed architectures, this work adds the options of including the other types
of small-cells (micro, and pico) to the simulator with a planned deployment (not a random
deployment).
Two hundred and fifty four days of actual renewable energy data were obtained from
a 250 kW Fuhrlander FL250 wind turbine, and an array of 6138 MEMCSolaicx CCZ PV
panels. As explained in section 3.1, these renewable energy generators are scaled down
to 10 kW wind turbine and 10 PV panels in order to make them fit to the constraint of a
residential suburban environment.
Each cellular network architecture was simulated for a period of 24 hours to meet the
criteria for a normalized average data traffic profile in Europe [1] as illustrated in Figure
4.1. Then, the obtained 24 hours of data (the total power consumption of the simulated LTE
architectures for the corresponding hour of the day) are repeated for 6096 hours (254 days)
to analyze the feasibility of powering these cellular network architectures from renewable
sources of energy.
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Figure 4.1: Normaized average Data Traffic Profile in Europe [1].
4.2 Battery State of Charge (SoC) Cumulative Distribution Function
(CDF)
To examine the feasibility of powering the proposed architectures from harvested wind
and solar energy, the cumulative distribution function (CDF) of the battery state of charge
(SoC) was measured for each architecture. Since it is assumed that the battery bank is only
charged from harvested renewable energy, a value of the battery bank SoC equals to zero
means that the battery bank is fully discharged, and thus the LTE architecture is no longer
able to operate through the use of harvested renewable energy, and the LTE architecture
needs another energy source to work (probably from the main electricity grid). Figure 4.2
shows the CDF of the baseline homogeneous LTE Network, the figure shows that 56.69 %
of the time the eNB works using renewable energy and 43.31 % of the time the eNB uses
the main electricity grid to operate. At the same time battery bank is fully charged during
21.59 % of the time.
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Figure 4.2: Battery SoC Cumulative Distribution Function (CDF) for the baseline homogeneous
LTE Network.
Figure 4.3 shows the CDF of the Micro-eNB HetNet. The figure shows that 81.14 % of
the time the Micro-eNB architecture operates using renewable energy and only 18.86 % of
the time this architecture needs to be powered from the main electricity grid. At the same
time, the battery bank is fully charged 28.74 % of the time. The Micro-eNB architecture
achieved a gain of 43 % in the time of operation from harvested renewable energy over the
standard LTE eNB. In addition, this architecture presents a gain of 33 % in the time that
the battery bank is fully charged over the standard LTE eNB.
The achieved gains is the result of, as mentioned in section 3.4, the reduction in the total
consumed power by the micro cells and the macro eNB that set to sleep in comparison to
the power consumed by the standard macro eNB.
Figure 4.4 shows the CDF for the Micro HoNet architecture. The figure shows that
91.601 % of the time the Micro HoNet architecture operates using renewable energy and
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Figure 4.3: Battery SoC Cumulative Distribution Function (CDF) the Micro-eNB HetNet.
only 8.399 % of the time this architecture works powered from the main electricity grid.
At the same time the battery bank SoC is fully charged during 38.25 % of the time. The
Micro HoNet architecture achieved a gain of 61 % in the time of operation from harvested
renewable energy over the standard LTE eNB. In addition, this architecture presents a gain
in the time that the battery bank is fully charged of 77 % over the standard LTE eNB.
The achieved gains is the result of, as mentioned in section 3.4, the reduction in the total
consumed power by the micro cells in comparison to the power consumed by the standard
macro eNB. In comparison to the eNB-Micro HetNet, this architecture shows an increase
of 18 %, and 44 % in the gain in time of operation from renewable energy, and the gain in
time with full battery SoC respectively. This is mainly because of the removed eNB from
the Micro HoNet architecture.
Figure 4.5 shows the CDF of the eNB-Pico HetNet architecture. The figure shows that
93.75 % of the time the eNB-Pico HetNet architecture operates using renewable energy and
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Figure 4.4: Battery SoC Cumulative Distribution Function (CDF) fro the Micro HoNet.
only 6.25 % of the time this architecture need to be powered from the main electricity grid.
At the same time, the battery bank is fully charged during 40.62 % of the time. The eNB-
Pico HetNet architecture achieved a gain of 65.37 % in the time of operation from harvested
renewable energy over the standard LTE eNB. In addition, this architecture presents a gain
of 88 % over the standard LTE eNB in the time that the battery bank is fully charged.
The achieved gains is the result of, as mentioned in section 3.4, the reduction in the
total consumed power by the pico cells and the macro eNB that operates with one transmit
antenna in comparison to the power consumed by the standard macro eNB. For the same
reason, this architecture shows a significant increase in the gain in time of operation from
renewable energy, and the gain in time with full battery SoC over the eNB-Micro HetNet
and the Micro HoNet architectures.
Figure 4.6 shows the CDF of the eNB-Femto HetNet architecture. The figure shows
that 93.963 % of the time the eNB-Femto HetNet architecture operates using renewable
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Figure 4.5: Battery SoC Cumulative Distribution Function (CDF) for the eNB-Pico HetNet.
energy and only 6.037 % of the time this architecture need to be powered from the main
electricity grid. At the same time, The battery bank is fully charged during 40.96 % of
the time. The eNB-Femto HetNet architecture achieved a gain of 65.75 % in the time of
operation from harvested renewable energy over the standard LTE eNB. In addition, this
architecture presents a gain of 89 % over the standard LTE eNB in the time that the battery
bank is fully charged.
The achieved gains is the result of, as mentioned in section 3.4, the reduction in the total
consumed power by the femto cells and the macro eNB that operates with one transmit
antenna in comparison to the power consumed by the standard macro eNB. For the same
reason, this architecture shows a significant increase in the gain in time of operation from
renewable energy, and the gain in time with full battery SoC over the eNB-Micro HetNet
and the Micro HoNet. At the same time, the eNB-Femto HetNet architecture shows a very
slight increase in the achieved gain values (e.g. 0.38 %, and 1 % in the gain in time of
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Figure 4.6: Battery SoC Cumulative Distribution Function (CDF) for the eNB-Femto HetNet.
operation from renewable energy, and the gain in time with full battery SoC respectively)
over the eNB-Pico HetNet architecture. This is because, as mentioned in section 3.4, that
the femto and pico cells power consumption is very close.
Table 4.1 summarizes the perfomrance metrics of the proposed architectures along with
the standard homogeneous LTE network.
4.3 Received SINR Cumulative Distribution Function (CDF)
To examine the signal quality experienced with the different architectures, the received
SINRs CDF was measured for each architecture and compared to the SINR in the basic
LTE eNB. Figure 4.7 is the SINR CDF of an LTE eNB, it is clear that the probability of
receiving SINR larger than 0 dB equals to 0.75, which means that a 75 % of the users will
receive a positive SINR with a maximum value of approximately 12 dB. Also, 25 % of the
users will receive a negative SINR with a minimum value of approximately -1.7 dB.
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Arch. Renewableenergy (%)
Main grid
(%)
Fully
charged
(%)
Gain in
time of
operation
from re-
newable
energy (%)
Gain in
time with
full battery
SoC (%)
eNB 56.69 43.31 21.59
eNB-Micro 81.14 18.86 28.74 43 33
Micro 91.601 8.399 38.25 61 77
eNB-Pico 93.75 6.25 40.62 65.37 88
eNB-Femto 93.963 6.037 40.96 65.75 89
Table 4.1: Power performance metrics of the proposed architectures.
Receiving a low SINR value follows many reasons, such as experiencing a large noise
power (N0), and/or receiving a large value of power from interfering BSs, in addition to the
fact that the signal strength depends on how far the user is from the BS, therefore users that
are relatively close to the BS will receive a higher SINR and the opposite for the users that
are located far from the BS. The main reason behind the relationship between the SINR
and the position of the user is the ”Path loss”, which is the signal attenuation (i.e, loss of
power). In a non-free space propagation, where the signal propagates by interacting with
objects and obstacles in the path between transmitter and receiver, the signal attenuates
through the propagation path [29]. This interaction occurs in three phenomena, reflection,
diffraction, and scattering [29]. Reflection occurs when the electromagnetic wave interacts
with an object of a size much larger than the signal wavelength (e.g. high buildings, walls,
earth surface, and etc...). Diffraction occurs when the electromagnetic wave interacts with a
sharp edge of an object (e.g. hilly or irregular terrain, building edges, and etc...). Scattering
occurs when small objects with a size close to the wavelength are in the path between
transmitter and receiver (e.g. dust). Thus, the signal received by the user will suffer from
fading after traveling through many paths due to the scattering, diffraction, and reflection
[29]. Fading is a reduction of the received power as compared with the transmitted power.
In practice, the path losses of two users located at the same distance from the BS are
different [29]. This is due to the fact the the signal was propagated through different paths
with different objects in that paths, this difference has been named shadow fading. In
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Figure 4.7: SINR Cumulative Distribution Function (CDF) of an eNB.
general, the path loss (LP) in dBs can be written as the following (from [29])
LP = 10γ log(
d
d0
)+C+S, (4.1)
where γ is the path loss exponent, d is the distance between transmitter and receiver, d0 is
a reference distance chosen to ensure far-field setup, C is a constant, and S is the shadow
fading, which is a zero mean Gaussian random variable.
In LTE, a higher SINR value ensures a mapping to a higher CQI (from 1 to 15), a
higher CQI is mapped to a better combination of one of the modulation modes and channel
coding rate, which in turn ensures a higher throughput per RB. A higher throughput per RB
means that a user requires a less number of RBs to fulfill it’s requirements. As a result, a
less number of RBs means a less consumed power, as mentioned before in section 3.3, the
dynamic load of a BS decreases by the decrease of the utilization factor (ζ ).
Figure 4.8 shows the SINR CDF of eNB-Micro architecture. In this architecture, the
43
probability of receiving a positive signal equals to 0.78 (78 % of the users will receive a
positive SINR value) with a maximum value of approximately 42 dB. While the probability
of receiving a negative SINR equals to 0.22 (22 % of the users will receive a negative SINR)
with a minimum value of approximately -0.05 dB.
Figure 4.8: SINR Cumulative Distribution Function (CDF) for the eNB-Micro HetNet.
From SINR point of view, the maximum SINR value increased from 12 dB (in case of
an LTE eNB) to 42 dB(in case of eNB-Micro architecture), a gain of 250 % is achieved, at
the same time the minimum received SINR value is also increased from -1.7 dB to -0.05
dB. For a further comparison, it can be noticed that the probability of receiving SINR value
larger than 10 dB equals to 0.28, and 0.25 in the eNB-Micro architecture and the standard
LTE eNB respectively. This increase in the SINR values is the result of the dense and
systematic deployment of the micro cells, where the probability of users to be associated
to a near BS that deployed over the region of interest (ROI) is increased. In addition,
the deployment of the micro cells on the edges of the site significantly enhance the signal
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quality, and the edge user throughput. Thus the path loss that the transmitted signal was
suffered from is decreased due to the decrease in the distance between the user and the BS.
Also, the SINR value was increased as the interference and noise is decreased due to setting
the macro eNB into a sleep mode.
Figure 4.9 shows the SINR CDF of the Micro HoNet architecture. In this architecture,
the probability of receiving a positive SINR equals to 1 (100 % of the users will receive a
positive SINR value) with a maximum value of approximately 42 dB and a minimum SINR
value of approximately 2 dB. While the probability of receiving a negative SINR equals to
0 (there are no users that received a negative SINR value).
Figure 4.9: SINR Cumulative Distribution Function (CDF) for the Micro HoNet architecture.
From SINR point of view, the maximum SINR value increased from 12 dB (in case of
an LTE eNB) to 42 dB (in case of Micro HoNet architecture), a gain of 250 % is achieved,
at the same time the minimum received SINR value is also increased from -1.7 dB to 2 dB.
For a further comparison, it can be noticed that the probability of receiving SINR value
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larger than 10 dB equals to 0.28 and 0.25 in Micro HoNet architecture and a standard LTE
eNB respectively. This increase in the SINR values is the result of the dense and systematic
deployment of the micro cells, where the probability of users to be associated to a near BS
that deployed over the region of interest (ROI) is increased. Furthermore, the deployment
of the micro cells on the edges of the site significantly enhance the signal quality, and the
edge user throughput. Thus the path loss that the transmitted signal was suffered from is
decreased due to the decrease in the distance between the user and the BS. Also, the SINR
value was increased as the interference and noise is decreased due to the fact that there was
no macro eNB in this architecture.
Figure 4.10 shows the SINR CDF of eNB-Pico architecture. In this architecture, the
probability of receiving a positive signal equals to 0.80 (80 % of the users will receive a
positive SINR value) with a maximum value of approximately 20 dB. While the probability
of receiving a negative SINR equals to 0.20 (20 % of the users will receive a negative SINR)
with a minimum value of approximately -1 dB.
From SINR point of view, the maximum SINR value increased from 12 dB (in case of
an LTE eNB) to 20 dB (in case of eNB-Pico architecture), a gain of 66 % is achieved, at
the same time the minimum received SINR value is also increased from -1.7 dB to -1 dB.
For a further comparison, it can be noticed that the probability of receiving SINR value
larger than 10 dB equals to 0.42 and 0.25 in the eNB-Pico architecture and the standard
LTE macro eNB respectively. This increase in the SINR values is the result of deployment
of the pico cells on the macro eNB sectors edges where the signal quality, and the edge
user throughput was significantly increased. In addition, the probability of users to be
associated to a closer BS is increased. Thus the path loss that the transmitted signal was
suffered from is decreased due to the decrease in the distance between the user and the BS.
Also, the SINR value was increased as the interference and noise is decreased because the
eNB sectors in this architecture is working with only one transmit antenna.
Figure 4.11 shows the SINR CDF of the eNB-Femto architecture. In this architecture,
the probability of receiving a positive SINR equals to 1 (100 % of the users will receive a
positive SINR value) with a maximum value of approximately 15 dB and a minimum SINR
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Figure 4.10: SINR Cumulative Distribution Function (CDF) of the eNB-Pico HetNet architecture.
value of approximately 7 dB. While the probability of receiving a negative SINR equals to
0 (there are no users that received a negative SINR value).
From SINR point of view, the maximum SINR value increased from 12 dB (in case of
an LTE eNB) to 15 dB (in case of eNB-Femto architecture), a gain of 25 % is achieved, at
the same time the minimum received SINR value is also increased from -1.7 dB to 7 dB.
For a further comparison, it can be noticed that the probability of receiving SINR value
larger than 10 equals to 0.65 and 0.25 in eNB-Femto architecture and a standard LTE eNB
respectively. This increase in the SINR values is the result of the deployment of the femto
cells through the macro eNB sectors, where the probability of users to be associated to a
near BS is increased. In addition, the deployment of the femto cells on the edges of the
site significantly enhance the edge user throughput. Thus the path loss that the transmitted
signal was suffered from is decreased due to the decrease in the distance between the user
and the BS. Also, the SINR value was increased as the interference and noise is decreased
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Figure 4.11: SINR Cumulative Distribution Function (CDF) of the eNB-Femto HetNet.
Arch. Positive SINR (%) Max. SINR Min. SINR P(SINR >10)
eNB 75 12 -1.7 0.25
eNB-Micro 78 42 -0.05 0.28
Micro 100 42 2 0.28
eNB-Pico 80 20 -1 0.42
eNB-Femto 100 15 7 0.65
Table 4.2: SINR performance metrics of the proposed architectures.
because the eNB sectors in this architecture is working with only one transmit antenna.
Table 4.2 summarizes the SINR performance metrics of the proposed architectures.
From table 4.2, and table 4.1, the eNB-Femto architecture can be concluded as the best
architecture among the other architectures from both power consumption point of view,
and SINR point of view. As it shows that 65 % of the users received a large SINR value,
and it also shows that the eNB-Femto architecture operated from renewable sources of
energy about 93.963 % of the time.
As a matter of fact, the standard homogeneous LTE network may still be needed, the
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main reason is the coverage. Comparing to a macro eNB, small-cells coverage area is
relatively small: micro cell size between 200 m and 2 km, pico cell size between 4 m
200 m, and femto cell size 10 m to 12 m [30]. In case of a moving user, the handover
between BSs is relatively large and unnecessary, e.g. a user moving in a speed up to 15
km/h needs only 12 seconds to pass through a 50 m cell . In this case, it is maybe better if
that user remains associated to a macro eNB than continuously moving from one small cell
to another.
4.4 Summary
Four LTE cellular network architectures designed to operate with renewable energy are
implemented in this work, one is HoNet (Micro architecture) and the others are HetNets
(eNB-Micro, eNB-Pico, and eNB-Femto). A real renewable energy (wind and sloar) were
harvested over 254 days, and used to supply the proposed architectures. A significant im-
provements were achieved, the operation time from renewable sources of energy achieved
a gain of 43 %, 61 %, 65.37 %, and 65.75 % in the eNB-Micro, Micro, eNB-Pico, and
eNB-Femto architectures respectively. Moreover, the received SINR shows a considerable
improvements, a gain in the maximum received SINR of 250 %, 250 %, 66 %, and 25 % in
the eNB-Micro, Micro, eNB-Pico, and eNB-Femto architectures respectively.
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Chapter 5
Conclusions and Future Work
5.1 Conclusions
In this thesis work, four different cellular network architectures, eNB-Micro, Micro only,
eNB-Pico, and eNB-Femto, are studied. These architectures are powered from harvested
renewable energy most of the time. The power consumption at the eNB is reduced by
shaping traffic through the use of one transmit antenna (instead of 2 transmit antennas).
The reduced throughput that raised due to the use of only one antenna is compensated by
the addition of the small-cells. The feasibility of powering the proposed architectures from
renewable energy is assessed based on 254 days of wind and solar power measurements.
Simulation results shows that the proposed architectures are able to operate from renewable
energy most of the times: 81.14 % (eNB-Micro HetNet), 91.601 % (Micro HoNet), 93.75
% (eNB-Pico HetNet), and 93.963 % (eNB-Femto HetNet). At the same time, the received
signal has improved significantly, as the probability of receiving SINR value more than 10
dB has increased from 0.25 in the regular LTE network to 0.28 in eNB-Micro HetNet and
Micro HoNet, 0.42 in eNB-Pico HetNet, and 0.65 in eNB-Femto HetNet architectures. The
eNB-Femto HetNet architecture is recommended as it shows the best results from power
consumption perspective, and the received signal perspective. The standard homogeneous
LTE network may still be needed in terms of coverage. The small-cells coverage area
is relatively small if compared to a macro eNB. Thus the handover process is large and
unnecessary in case of a moving user, for this reason, associating that user to a macro eNB
is more efficient rather than moving from one small cell to another.
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5.2 Future Work
The architectures proposed in this work achieved a significant reduction in power consump-
tion and the carbon footprint, while at the same time improved the received signal quality.
Furthermore, these architectures can be expanded. For instance, traffic shaping technique
through controlling the number of RBs can be used through the high traffic hours of the
day. This traffic shaping technique, can be made exclusive for the macro eNBs only as
the dynamic power consumption load significantly affects this type of BSs. Another com-
binations of small-cells can be used to create different architectures. Such architectures
may contain more than two tiers, in each tier a different type of BSs, e.g. tier 1 includes
macro eNBs, tier 2 contains micro cells, tier 3 contain pico cells, and etc... One example
where the eNB-Micro HetNet architecture can be converted into three tier architecture, tier
1 comprises of macro eNB, tier 2 includes micro cells, and tier 3 contains femto cells. The
first and second tiers is exactly the same as the eNB-Micro HetNet, while tier 3 (i.e., the
femto cells) can be added on the blind spots (i.e., the blue color between micro cells where
the SINR is very low as shown in Figure 2.5) in that architecture.
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